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Article

Minimal metabolic pathway structure is consistent
with associated biomolecular interactions
Aarash Bordbar1, Harish Nagarajan2, Nathan E Lewis1,3,4, Haythem Latif1, Ali Ebrahim1, Stephen
Federowicz2, Jan Schellenberger2 & Bernhard O Palsson1,2,5,*

Abstract

Pathways are a universal paradigm for functionally describing
cellular processes. Even though advances in high-throughput data
generation have transformed biology, the core of our biological
understanding, and hence data interpretation, is still predicated
on human-defined pathways. Here, we introduce an unbiased,
pathway structure for genome-scale metabolic networks defined
based on principles of parsimony that do not mimic canonical
human-defined textbook pathways. Instead, these minimal path-
ways better describe multiple independent pathway-associated
biomolecular interaction datasets suggesting a functional organi-
zation for metabolism based on parsimonious use of cellular
components. We use the inherent predictive capability of these
pathways to experimentally discover novel transcriptional regula-
tory interactions in Escherichia colimetabolism for three transcrip-
tion factors, effectively doubling the known regulatory roles for
Nac and MntR. This study suggests an underlying and fundamental
principle in the evolutionary selection of pathway structures;
namely, that pathways may be minimal, independent, and segregated.
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Introduction

Historically, biochemical experimentation has defined pathways or
functional groupings of biomolecular interactions. Such pathways
are foundational to human-curated databases, such as KEGG
(Kanehisa et al, 2012), BioCyc (Caspi et al, 2010), and Gene
Ontology (Ashburner et al, 2000), are the basis for education in biochem-
istry, and are broadly deployed for analyzing and conceptualizing

complex biological datasets (Khatri et al, 2012). However, the order
of discovery and perceived importance of cellular components has
unavoidably introduced a man-made bias. Pathway organization is
thus often defined in a universal (rather than organism-specific)
manner, missing potential organism-specific physiology. It is
unclear whether the currently used pathway structures correctly
account for observed interactions between the macromolecules
needed to carry out their function.

Systems biology has led to the elucidation and analysis of
multiple cellular networks, representing metabolism (Mo et al,
2009; Orth et al, 2011), transcriptional regulation (Gama-Castro
et al, 2011), protein-protein interactions (Han et al, 2004), and
genetic interactions (Costanzoet al, 2010). These networks provide
the opportunity to build unbiased pathway structures using statisti-
cal or mechanistic algorithms. Statistical approaches have been
employed to high-throughput data and interaction networks to
reconstruct the cellular component ontology of Gene Ontology
(Dutkowski et al, 2012). However, such approaches were not meant
to reconstruct the Biological Processes ontology and build pathways
(Dolinski & Botstein, 2013).

Mechanistic approaches include utilizing convex analysis with
metabolic networks to automatically define pathways. Genome-
scale metabolic networks contain curated and systematized informa-
tion about all known biochemical moieties (metabolites) and trans-
formations (reactions) of a particular cell’s metabolism encoded on
its genome and described in experimental literature (Feist et al,
2009). The stoichiometric matrix (S) is a mathematical description
of a genome-scale metabolic network, which can be queried by
many available modeling methods (Lewis et al, 2012). These
models and the calculated reaction fluxes are typically studied under
a steady-state assumption (Fig 1A). Thus, the full set of potential
steady-state reaction fluxes of a metabolic network is contained in
the associated null space ofS (Palsson, 2006). The basis vectors of
the null space have been previously shown to correspond to
biochemical pathways providing a fundamental connection between
mathematical and biological concepts (Papin et al, 2003). This
connection has generated many attempts to characterize the null
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